Wnt proteins are conserved axon guidance cues that control growth cone navigation. However, the intracellular signaling mechanisms that mediate growth cone turning in response to Wnts are unknown. We previously showed that Wnt-Frizzled signaling directs spinal cord commissural axons to turn anteriorly after midline crossing through an attractive mechanism. Here we show that atypical protein kinase C (aPKC), is required for Wnt-mediated attraction of commissural axons and proper anterior-posterior (A-P) pathfinding. A PKC pseudosubstrate, a specific blocker of aPKC activity, and expression of a kinase-defective PKC mutant in commissural neurons resulted in A-P randomization in "open-book" explants. Upstream of PKC, heterotrimeric G-proteins and phosphatidylinositol-3-kinases (PI3Ks), are also required for A-P guidance, because pertussis toxin, wortmannin, and expression of a p110␥ kinase-defective construct all resulted in A-P randomization. Overexpression of p110␥, the catalytic subunit of PI3K␥, caused precocious anterior turning of commissural axons before midline crossing in open-book explants and caused dissociated precrossing commissural axons, which are normally insensitive to Wnt attraction, to turn toward Wnt4-expressing cells. Therefore, we propose that atypical PKC signaling is required for Wnt-mediated A-P axon guidance and that PI3K can act as a switch to activate Wnt responsiveness during midline crossing.
Introduction
Wnts are conserved signaling proteins that play a number of roles in early development, including patterning and cell fate determination (Logan and Nusse, 2004) . They are also essential for later processes in nervous system development, such as cell migration, neuronal polarization, axon guidance, dendrite morphogenesis, and synapse formation (Ciani and Salinas, 2005; Fradkin et al., 2005) .
Although many studies have demonstrated that Wnts guide axons in development, the intracellular signaling mechanisms are currently unknown (Lyuksyutova et al., 2003; Yoshikawa et al., 2003; Lu et al., 2004; Zou, 2004 Zou, , 2006 Liu et al., 2005; Hilliard and Bargmann, 2006; Pan et al., 2006; Prasad and Clark, 2006; Sato et al., 2006; Schmitt et al., 2006; Zou and Lyuksyutova, 2007) . We found that Wnt signaling controls anterior-posterior guidance of commissural axons after midline crossing (Lyuksyutova et al., 2003) . Three major Wnt pathways have been described: the canonical/␤-catenin, planar cell polarity (PCP), and calcium/ protein kinase C (PKC) pathways. Low-density lipoprotein receptor-related protein 5 (LRP5) and LRP6 are indispensable components of canonical/␤-catenin Wnt signaling . We observed that A-P guidance of commissural axons appeared normal in embryonic day 11.5 (E11.5) LRP6-deficient spinal cords (Lyuksyutova et al., 2003) . The addition of the LRP5/6 inhibitor, DKK1 (Dikkopf1), also had no effect on A-P guidance in "open-book" explants (our unpublished observations). These results suggest that the canonical Wnt signaling pathway does not play a major role in A-P guidance of commissural axons.
The Wnt/calcium/PKC pathway controls cell migration (Cohen et al., 2002) , and calcium-dependent PKCs have been implicated in embryonic growth cone guidance in vitro and inhibition of adult axon regeneration (Xiang et al., 2002; Sivasankaran et al., 2004 ). Therefore, we tested the role of the PKCs in Wnt-mediated anterior turning of commissural axons and identified several intracellular signaling components required in Wnt-dependent growth cone attraction. Treatment with myristoylated PKC pseudosubstrate, a potent and specific inhibitor of atypical PKCs (aPKCs), resulted in randomization of commissural axon growth along the A-P axis and blocked Wnt4-mediated attraction, whereas expression of a kinase-defective form of PKC caused A-P randomization of commissural axons in open-book explants. Because PKC is activated by inositol phospholipid signaling and Frizzleds are putative G-protein-coupled receptors (GPCRs), we examined the roles of PI3K and heterotrimeric G-proteins in this process. Several members of the PI3K family are expressed in the mouse and rat embryonic spinal cord. We found that both PI3K and heterotrimeric G-proteins are required for proper anterior-posterior guidance of spinal cord commissural axons. Expression of a kinase-defective p110␥, the catalytic domain of PI3K␥, caused randomized growth of commissural axons after midline crossing. Overexpression of p110␥ in an open-book preparation (Martiny-Baron et al., 1993; Lyuksyutova et al., 2003) caused precrossing commissural axons to turn anteriorly before entering the floor plate (FP). Expression of p110␥ in dissociated precrossing commissural neurons that are normally insensitive to Wnt attraction caused them to respond to Wnt4-expressing COS cells. Thus, p110␥ appears to be a component of the "switch" mechanism, allowing Wnt responsiveness to occur after midline crossing.
Materials and Methods
Reagents. Pharmacological inhibitors and PKC pseudosubstrates were purchased from various vendors, and the concentrations used in the explant assays are indicated: GF-109203X (14 M; catalog #270 -019-M001; Alexis Biochemicals, San Diego CA), Gö-6967 (124 nM for openbook explants and 12.4 nM for "postcrossing assays"; catalog #365250; Calbiochem, San Diego CA), U-73122 (14 M; catalog #70740; Cayman Chemical, Ann Arbor MI), neomycin sulfate (55 M; catalog #El180; Biomol, Plymouth Meeting, PA), myristoylated PKC pseudosubstrates ␣ (50 M; catalog #P-205; Biomol) and (50 M; catalog #P-219; Biomol), pertussis toxin (800 ng/ml; catalog #P-2980; Sigma, St. Louis, MO), wortmannin (1 M; catalog #ST-415; Biomol), lithium chloride (10 mM; catalog #L4408; Sigma), and SB-216763 (10 M; catalog #S3442; Sigma). Different drugs have different chemical properties, and their concentrations used in experiments are determined empirically. Most of the publications involving these inhibitors are in cell-free kinase assays in vitro. In order for them to diffuse into the cells to block signaling, a higher concentration than that used in in vitro assays is needed, and open-book assays require higher concentrations than postcrossing assays, because the axons are more accessible in the collagen gel in the latter case. We performed a titration initially and used the lowest concentrations for each inhibitor. In general, we used concentrations that are either equivalent or severalfold higher than used in in vitro assays published in literature.
The following antibodies were purchased from vendors: PKC (rabbit polyclonal; catalog #s.c.-216; Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated PKC (Thr 410; rabbit polyclonal; catalog #s.c.-12894; Santa Cruz Biotechnology), PAR6 (goat polyclonal; catalog #s.c.-14405; Santa Cruz Biotechnology), GSK3␤ (catalog #AB8687; Millipore, Billerica, MA), GSK3␤ pS9 (catalog #44 -600G; Biosource, Carlsbad CA), enhanced green fluorescent protein (EGFP; rabbit polyclonal; catalog #A111122; Invitrogen, Carlsbad, CA) and ␤-tubulin E7 (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). TAG-1 was produced in our lab from cells obtained from Developmental Studies Hybridoma Bank (cell line #4D7/TAG-1; University of Iowa). L1 antibodies were a kind gift from Dr. Rathjen. Our secondary antibodies were obtained from Invitrogen.
DNA constructs. A kinase-defective construct of PKC was kindly provided by Alex Toker (Harvard University, Boston, MA) (Romanelli et al., 1999) . A point mutation at a conserved lysine residue to tryptophan in the ATP-binding domain inactivates the kinase activity of PKC and can partially inhibit signaling activated by both EGF and a constitutively active mutant of PI3K. This mutant construct was cloned into pCIG2 vector followed by internal ribosomal entry sequence (IRES) GFP via the EcoRI site. pCIG2 has the chick ␤-actin promoter with a CMV enhancer and gives high levels of expression in neurons. The p110␥ full-length gene (GenBank accession number AF208345) was amplified from an E11.5 whole-embryo mouse cDNA library. The PCR product was cloned into the EGFP-N2 vector (Clontech, Mountain View, CA) modified to include the chick ␤-actin promoter, producing a full-length p110␥-Nterminal EGFP fusion. The mouse p110␥-K799R point mutation was created by site-directed mutagenesis in the lab and verified by sequencing. The coding sequence was cloned into pIRES2 modified with the chick ␤-actin promoter.
Immunohistochemistry. E11.5 mouse embryos and cultured rat postcrossing explants were first fixed in 4% paraformaldehyde (PFA) for 2 h, embedded in OCT compound, and sectioned at 10 m. Slides were washed in PBS, then incubated in 1% or 5% donkey serum and 0.1% Triton in PBS for 2-3 h at room temperature. Antibodies were diluted in the blocking solution, and the slides were incubated in primary antibody for 24 h at 4°C. The concentrations of primary antibodies used were as follows: PKC, 1:1000; pPKC, 1:50; PAR6, 1:50; GSK3␤, 1:100; GSK3␤ pS9, 1:100; TAG-1, 1:50; L1-1,1000. The slides were washed three times for 10 min each in PBS and then incubated for 2 h in 1:1000 secondary antibody, washed again, and mounted using Fluoromount G. Pictures were taken using a Zeiss (Thornwood, NY) LSM510 confocal microscope.
Pharmacological treatment of explants. Open-book or postcrossing explants were prepared as previously described (Zou et al., 2000; Lyuksyutova et al., 2003) . At ϳ6 -8 h of culture, explants were treated with a pharmacological or peptide inhibitor or a control treatment. After another 10 -12 h of incubation, explants were fixed with warm 4% PFA. For open-book preparations, axons were visualized using iontophoretic injection of lipophilic 3,3Ј-dihexadecylindocarbocyanine (DiI) at onethird to one-fourth from the dorsal margin of the spinal cord. We have characterized the rodent and chick commissural neuron projections extensively and found that most of the rodent axons labeled by this dorsal injection turn anteriorly after midline crossing. Injection sites more ventral to this will label many axons that will turn posteriorly after crossing, as well as those that turn anteriorly. It should be noted that in chick spinal cord, only the injection sites at the dorsalmost spinal cord (right adjacent to the roof plat) turn anteriorly, and DiI injection into one-third and one-fourth from the dorsal margin of the spinal cord will label many posterior axons. We performed our studies on A-P guidance in rodents. One injection site per explant was usually performed, which was placed in the middle of the explant's length because we found previously that in open-book explants, axons close to the anterior ends of longer explants (3 mm) are often misguided, presumably because of the loss of Wnt gradient caused by protein diffusion (Lyuksyutova et al., 2003) . After allowing DiI to diffuse along the axon, the explants were photographed using Zeiss Axioplan and the OpenLab software (Improvision, Waltham, MA). Because each DiI injection labels a cohort of axons, we scored injection sites based on overall axonal behavior as previously described (Zou et al., 2000; Lyuksyutova et al., 2003) . If all axons turned anteriorly in one injection, the injection site was scored "anterior (correct) turn"; if 75-80% axons stalled immediately after midline, unable to make a turning decision either anterior or posterior, we classified the injection site as "stalling"; if 50% (or more) axons projected randomly (25% anterior and 25% posterior) after floor plate exit, it was counted as "random turn (A/P)". If significant stalling and random turn (A/P) phenotypes were observed, the injection site was classified as random turn (A/P). The frequency of each category was presented as a percentage of all injected sites. At least three sets of experiments were performed for each experimental condition. A total of 15 and 23 explants were quantified in control and GF-109203X-treated conditions, respectively; 19 and 25 explants in control and Gö-6976; 24 and 25 explants in control and PKC pseudosubstrate treatment; 31, 29, and 28 explants in control, lithium chloride (LiCl), and SB-216763 treatment; 9 and 20 explants in control and pertussis toxin treatment; and 13 and 11 explants in control and wortmannin-treated conditions. p values were calculated using Student's t test, assuming paired and two-tailed distributions. p values presented compare percentage of correctly turning injection sites in untreated and treated explants.
For postcrossing assays, experiments were performed as described previously (Zou et al., 2000; Lyuksyutova et al., 2003) . One side of the spinal cord segment was cut off right at the edge of the floor plate, leaving the floor plate attached to the other half of the spinal cord. As characterized in previous studies, these axons that grow out of the explants into the collagen gel are commissural axons that have crossed the midline, thus the name postcrossing assay (Zou et al., 2000) . The explants were fixed with warm 4% PFA after 16 h of culture, immunostained with ␤-tubulin E7 antibody, and visualized by DAB color reaction with a secondary antibody conjugated to HRP. The explants were photographed at the same magnification using a Zeiss AxioPlan2 microscope with OpenLab software. For quantification, the area of total axon outgrowth was measured for each explant using NIH ImageJ software and averaged over all the experiments for control and treatment groups. To measure the area of outgrowth, each image was turned into a black-and-white composite using the Threshold function. Each experimental set was quantified using the same threshold parameters. The total area of black pixels was measured using the Analyze Particles function, and then the particles showing axonal outgrowth were erased using the Eraser tool. The total area of black particles was measured again, and the difference was recorded as total area of axonal outgrowth. The measurements for each explant in a set were averaged, and in the cases of pertussis toxin (PTX), wortmannin, LiCl, and SB-216763, the ratios of outgrowth of experimental conditions compared with control condition were calculated. Three sets of experiments for each condition were performed, and the resulting ratios or area outgrowth were averaged. SDs were calculated based on these sets of experiments. A total of 27, 16, 16, and 16 explants were tested in vector only, vector only with GF-109203X, Wnt4, and Wnt4 with GF-109203X; 27, 23, 16 , and 16 explants were tested in vector only, vector only with Gö-6976, Wnt4, and Wnt4 with 25, 23, 31 , and 30 explants were tested in vector only, vector only with PKC pseudosubstrate, Wnt4, and Wnt4 with PKC pseudosubstrate; 22, 18, 24, and 24 explants were tested with vector only, vector only with pertussis toxin, Wnt4, and Wnt4 with pertussis toxin; 21, 16, 27, and 23 explants were tested with vector only, vector only with wortmannin, Wnt4, and Wnt4 with wortmannin; 26, 23, 28, and 24 explants were tested in vector only, vector only with LiCl, Wnt4, and Wnt4 with LiCl; 14, 15, 23, and 17 explants were tested in vector only, vector only with SB-216763, Wnt4, and Wnt4 with SB-216763-treated conditions. p values were calculated using Student's t test, assuming paired and two-tailed distributions. p values presented compare average outgrowth from untreated and treated explants grown in the presence of Wnt4.
Ex utero electroporation of rat spinal cord. E13 rat embryos were eviscerated, and the notochord was removed. Using a pulled glass needle, control or experimental DNA was injected into the neural tube at a concentration of 1 g/l. Using 5 mm gold-plated electrodes (#45-0115; Harvard Apparatus, South Natick, MA), square-wave current was passed across the dorsal neural tube using BTX #ECM 830 electroporator. Electroporation conditions were as follows: five pulses, 25 V, 100 ms pulse, 1 s interval. After electroporation, the spinal cord was dissected and openbook explants were cultured in a three-dimensional collagen matrix for 60 h. When we electroporated the spinal cord from the ventricular zone at E13, the cells that take up DNA were still in the ventricular zone. It takes 1-2 d for them to differentiate and migrate to the spinal cord mantle zone and project axons. In vivo, commissural neurons develop in a span of at least 3-4 d (from E10.5 to E14.5 in mouse and E13 to E16/17 in rat). Because of the small size of the spinal cord and fragility of the tissue, we cannot dissect and culture spinal cord tissues younger than E13, let alone electroporate and then dissect them. However, this should not affect our study because these axons behave in culture very similarly to in vivo. Our previous studies indicate that the axons from the dorsal commissural neurons (one-third to one-fourth) at this stage rely on Wnt signaling to turn anteriorly (Lyuksyutova et al., 2003) .
After culture, explants were fixed with 4% PFA at 37°C. After fixation, explants were removed from collagen matrix and blocked with 5% normal donkey serum, 1% bovine serum albumin, and 1% Triton X-100 overnight. This was followed by overnight incubation with primary antibody, ␣-GFP (1:7500). Explants were washed for 4 -6 h with multiple 1ϫ PBS washes and incubated with secondary antibody Alexa Fluor 488 ␣-rabbit IgG overnight. After multiple washes, explants were mounted using Fluoromount G between two coverslips for microscopic analysis using Zeiss LSM510 confocal laser-scanning microscope. For quantification, four separate experiments were performed using PKC constructs, where total number of axons counted was 87 for EGFP-electroporated explants, 97 for kinase-defective PKC (PKC-KD), and 78 for wild-type PKC (PKC-WT). For p110␥ overexpression, five experiments were quantified, and 40 EGFP-expressing axons and 65 p110␥-EGFPexpressing axons were counted. For three p110␥-KD experiments, a total of 113 EGFP axons and 207 p110␥-KD axons were counted.
Electroporation and dissociated commissural neuronal coculture. E13 embryonic spinal cord were electroporated ex utero to the dorsal area with indicated DNA plasmids. Spinal open-book explants were subsequently prepared, and the dorsal domains on the electroporated side were dissected out. The explants then were dissociated as previously described (Augsburger et al., 1999) and plated on poly-D-lysine-laminincoated coverslips. After culturing for 24 h, the progenitors showed differentiated processes, and the neurons in culture were Ͼ90% Tag-1ϩ, conferring commissural identity (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Electroporated commissural cultures were prepared, plated at a cell density of ϳ80,000 progenitor cells/12 mm coverslip, and incubated for 24 h. COS-7 cells were transfected on the same day with the indicated DNA plasmids and also incubated for 24 h. After neuritic processes could be observed, 2000 -4000 transfected COS-7 cells were coplated with the commissural culture on the 12 mm coverslips. The coculture was allowed to incubate for an additional 24 h before fixing. Cultures were fixed by the addition of 2% PFA in culture medium at 37°C for 20 min. After fixation, the cultures were stained for EGFP and Myc, and the nucleus was stained with DAPI, and then they were scored for directional and nondirectional growth, as depicted in Figure 5A . The criteria for scoring was that a neuron had only one axon shaft, of at least 50 m, and its soma was at a distance of Ͻ200 m from a COS-7 cell expressing guidance molecules. We score directional growth by the direction of growth cone navigation relative to the COS-7 cells expressing guidance molecules. Directional growth refers to a neuron whose axon either invaded or grew on a linear path toward the COS-7 cell secreting the guidance molecules, or to an axon that turned approximately within 30°toward a COS-7 cell expressing the cues; a neuron was determined to be nondirectional if its axon turned from the initial trajectory at an angle Ͼ45°away from the COS-7 cell secreting the guidance molecules; nondirectional growth also was applied to an axon that ignored and then grew past a COS-7 cell for a distance of Ͼ50 m (the growth beyond COS-7 cell expressing the cues indicates an indifference to the secreted cues). Three trials of each coculture condition were quantified and averaged. Each trial yielded six to eight quantifiable fields of view at 10ϫ magnification, and each field of view contained two to five neurons that met the scoring criteria for directional or nondirectional growth.
Results

PKC is required for A-P guidance and Wnt4-stimulated outgrowth of commissural axons
Multiple members of the PKC family of serine/threonine kinases mediate a number of cellular responses. Conventional PKCs require diacylglycerol (DAG) and Ca 2ϩ for activation, novel PKCs require only DAG, and atypical PKCs do not require either DAG or Ca 2ϩ (Kuhl, 2004) . To test whether the PKC family plays a role in A-P guidance, we initially used pharmacological inhibitors to block the activities of either all PKCs (GF-109203X; 14 M) or only conventional PKCs (Gö-6976; 124 nM) in open-book spinal cord explant assays (Fig. 1 A) (Martiny-Baron et al., 1993; Lyuksyutova et al., 2003) . In these open-book assays, commissural axons initially grow from the dorsal margin toward the ventral midline and the FP and then cross the midline and make a sharp anterior turn toward the brain. To avoid losing their activity, we added the inhibitors at the approximate time when the first group of dorsal commissural axons reach the midline in our culture (Lyuksyutova et al., 2003) . PKC inhibitors were added to the medium 6 h after initiation of culture. The explants were then cultured in the presence of inhibitors for an additional 14 h and fixed in 4% PFA. Axons were visualized by injecting the dorsal spinal cord one-third to one-fourth from the dorsal margin with the fluorescent lipophilic dye DiI (Fig. 1 B) . To our surprise, we found that the pan-PKC inhibitor GF-109293X consistently re-sulted in randomization of turning along the A-P axis in postcrossing commissural axons (70.5% of the injection sites), whereas commissural axons turned anteriorly normally in the presence of the conventional PKC inhibitor Gö-6976 ( Fig. 1 B, I ). Activation of conventional PKCs requires calcium and diacylglycerol, which are products of PLC activity (Kuhl, 2004) . To further test whether conventional PKCs are involved in A-P guidance of commissural axons, we inhibited PLC activity using specific inhibitors U-73122 and neomycin (Carney et al., 1985; Bleasdale et al., 1990) . Consistent with our PKC inhibitor observations, inhibition of PLC had no significant effect on A-P guidance of postcrossing commissural axons (data not shown).
To further determine whether the pan-PKC inhibitor (GF-109203X) caused A-P randomization by blocking Wnt-mediated axon guidance signaling, we tested whether it could perturb Wnt4-stimulated outgrowth of postcrossing explants (Fig. 1 E) (Zou et al., 2000; Lyuksyutova et al., 2003) . We found that GF-109203X (14 M) blocked Wnt4-stimulated outgrowth, whereas Gö-6976 (12.4 nM), U-73122, and neomycin did not ( Fig. 1 F, J and data not shown). At higher concentration than 12.4 nM, Gö-6976 is toxic to axons. Therefore, 12.4 nM is the highest concentration that can be used in postcrossing assays, whereby axons are more accessible than in open-book assays with larger spinal cord tissues being present. This observation further suggests that the ; o/n, overnight. B, Open-book assays for anterior-posterior pathfinding of commissural axons in the presence of PKC inhibitors GF-109203X and Gö-6976. GF-109203X caused A-P randomization, whereas Gö-6976 did not. C, Open-book assays for anterior turning of commissural axons in the absence and presence of myristoylated PKC pseudosubstrate (ps). Inhibiting PKC caused A-P randomization. D, Open-book assays in the absence and presence of inhibitors of GSK-3␤ inhibitors (LiCl and SB-216763). Inhibiting GSK-3␤ caused A-P randomization and stalling. E, Diagram of the postcrossing assay. Explants, including floor plate, are dissected and cultured on a matrix of rat-tail collagen. A COS-7 cell aggregate expressing Wnt4 or vector is placed near the explant and coembedded in collagen. F, G, Postcrossing explant assays for Wnt4-mediated attraction of commissural axons in the presence of PKC inhibitors. The top row is outgrowth in the presence of a control cell aggregate. The bottom row is outgrowth in the presence of a Wnt4-expressing cell aggregate. Arrows mark postcrossing axon outgrowth. H, Postcrossing explant assays for Wnt4-mediated attraction of commissural axons in the presence of GSK-3␤ inhibitors (LiCl and SB-216763). The top row is outgrowth in the presence of a control cell aggregate. The bottom row is outgrowth in the presence of a Wnt4-expressing cell aggregate. Arrows mark postcrossing axon outgrowth. I, Quantification of open-book explant assay experiments. The graph represents the frequency of the axon turning behavior category as a percentage of all injected sites. n is the total number of explants quantified from three separate experiments. *p Ͻ 0.005. J, Quantification of postcrossing assays for Wnt4-mediated attraction in the presence of PKC and GSK3␤ inhibitors. The graph represents the average total area of outgrowth based on three separate experiments. *p ϭ 0.0347; **p ϭ 0.00527. n is the total number of explants quantified. Scale bars, 100 m.
calcium/PLC/PKC pathway does not play a significant role in Wnt4-mediated anterior-directed turning, but that a calciumindependent PKC pathway is involved. The concentrations of inhibitors used here are determined empirically because different inhibitors may penetrate tissues and cell membranes at different efficiencies. It is not possible to know the exact concentration of these inhibitors within the growth cones. It should be noted that although these reagents are commonly used to inhibit PKCs, these inhibitors may not be specific to PKCs. Therefore, these results only suggest the potential roles of PKCs in these processes and allowed us to narrow down signaling candidates. We performed subsequent experiments using independent approaches reported later in this paper.
To identify the PKC(s) involved in A-P axon guidance of commissural neurons, we added specific inhibitors of the individual subclasses of PKCs to the open-book explant cultures, including specific PKC pseudosubstrates (50 M), which block PKC activity by preventing binding to their substrates. The pseudosubstrates are myristoylated at the N terminus to allow cell membrane permeability. We found that the PKC pseudosubstrate, which blocks atypical PKCs (PKC, and PKC/) (Gschwendt et al., 1994; Zhou et al., 1997) , caused A-P randomization (41.1%) of postcrossing commissural axons and stalling (23.1%) (Fig. 1C,I ), whereas the PKC␣ pseudosubstrate, which blocks conventional PKC␣ and PKC␤ (Eichholtz et al., 1993) , had no significant effects (data not shown). To address whether PKC mediates Wnt4-stimulated outgrowth, we tested these inhibitors in the postcrossing explant assays (Fig. 1G) . The presence of PKC pseudosubstrate (50 M) caused a significant reduction in Wnt4-stimulated outgrowth (Fig. 1G,J) (Baas and Ahmad, 2001) , whereas the addition of PKC␣ pseudosubstrate had no statistically significant effect on postcrossing commissural axons ( p Ͼ 0.1), nor did it block the Wnt4-stimulated outgrowth and A-P guidance of postcrossing commissural axons (data not shown). These observations suggest that atypical PKCs are essential signaling components necessary for Wnt4-mediated outgrowth and the A-P turning decision of postcrossing commissural axons.
It has been shown previously that the PKC/Par6/Par3 complex is required for establishing cell polarity in many cell types, and that GSK3␤ is directly downstream of the PKC/Par6/Par3 complex in this pathway (Etienne-Manneville and Hall, 2003a,b) . We tested whether GSK3␤ is involved in Wntmediated A-P guidance of commissural axons by the addition of the GSK3␤ inhibitors LiCl (10 mM) and SB-216763 (10 M) in the open-book and postcrossing explant assays (Coghlan et al., 2000) . We found that both inhibitors caused A-P randomization (LiCl, 59%; SB-216763, 48%) and stalling (LiCl, 24%; SB-216763, 20.2%) of commissural axons after midline crossing (Fig.  1 D, I ). In addition, these inhibitors reduced Wnt4-stimulated axonal outgrowth in postcrossing explants (Fig. 1 H, J ) . These findings are consistent with the observation that inhibition of GSK-3␤ leads to reduction of neurotrophin-induced axon extension (Krylova et al., 2002) .
Phospho-PKC, Par6, and phospho-GSK3␤ are abundant in the postcrossing axon segment To further evaluate the role of PKC in vivo, we examined the protein distribution of various signaling components in mouse E11.5 and rat E13 spinal cord, at the time in development when commissural axons are crossing the ventral midline. As shown in the diagram in Figure 2 F, different segments of the commissural axon tract are visible in transverse spinal cord sections. Precrossing and crossing axons in the midline are visible as long fibers projecting toward the floor plate (blue arrow), whereas postcrossing axon segments are visualized in cross section, presenting as more diffuse staining along the perimeter of the ventral to mid-dorsal spinal cord (green arrow). We found that although PKC is broadly expressed in the spinal cord (data not shown), the phosphorylated, activated form of PKC (pPKC) is abundant in the ventral funiculus, where postcrossing commissural axons are located (Fig. 2 A, AЈ, arrows) , similar to L1, a marker for postcrossing commissural axons (Fig. 2 D, arrows) . In addition, Par6, a key partner of PKC, is also enriched in the postcrossing segments (Fig. 2 B, BЈ, arrows) . Finally, we found that although GSK3␤ is broadly expressed throughout the mantle zone of the spinal cord, including the ventral funiculus areas, where postcrossing commissural axons pathfind during this stage of development (data not shown), the phosphorylated form of GSK3␤ (serine 9) is abundant in postcrossing segments (Fig. 2C,CЈ) . Note that the signals of these components show varied intensity. This may be determined by the antibodies as well as the real quantity of the proteins or phosphoproteins. Nonetheless, we found that these components are present in the commissural axons.
To confirm that the staining represents the protein localization on axons, we performed immunostaining on cryosectioned E13 rat postcrossing explants (Fig. 2G ) and found that pPKC (Fig. 2 AЉ, arrows) and Par6 (Fig. 2 BЉ, arrows) are indeed abundant on the postcrossing segment of commissural axons that have grown out of the floor plate and entered the collagen gel matrix, similar to L1 (Fig. 2 DЉ, arrow) . In contrast, TAG-1 was found in the precrossing segment (Fig. 2 E, arrow) but not in the postcrossing segment (Fig. 2 EЉ, arrowhead) [axons were present as indicated in Fig. 2 EЉ (inset, black arrow) ]. When we performed the postcrossing assay, one side of the spinal cord tissue was completely removed by making a cut at the border of the floor plate and the ventral spinal cord using a fine tungsten needle, leaving the floor plate still attached to the remaining other side of the spinal cord (Zou et al., 2000) . Therefore, all axons emerge from the explants are postcrossing commissural axons. Thus, the components of the pathway described above are present in the right place at the right time during development.
PKC kinase activity is required for A-P guidance of commissural axons
To address whether PKC functions cell autonomously during the anterior turning of commissural axons and confirm the role of PKC identified by pharmacological inhibition or pseudosubstrate inhibition in mediating A-P guidance, we expressed a dominant-negative mutant PKC protein in rat dorsal spinal cord open-book explants by electroporation (Fig. 3A) . This technique allows us to introduce DNA into commissural neuron cell bodies, which lie in the dorsal aspect of the spinal cord. Green fluorescent protein under IRES control allows us to visualize all axons expressing the PKC constructs (Fig. 3 B, C) . After electroporation of DNA constructs into the dorsal spinal cord, the spinal cord is opened from the dorsal midline and cultured in a collagen gel matrix. Axons were observed to extend to the midline, cross, and turn normally anteriorly (Fig. 3CЈ) . The GFP signal was present in the entire axons, including the growth cones, allowing us to follow their projections (Fig. 3CЉ ). This K281W mutant (Fig. 3B) has the critical lysine 281 of the ATP-binding region replaced with tryptophan, resulting in a kinase-defective protein (Romanelli et al., 1999) . The kinase-defective PKC mutant can still be phosphorylated by PDK-1 (phosphoinositide-dependent kinase-1), but it cannot phosphorylate downstream effectors and thus acts as a dominant-negative inhibitor (Romanelli et al., 1999; Etienne-Manneville and Hall, 2001; Hirai and Chida, 2003) . We found that this kinase-defective PKC mutant caused significant A-P randomization after midline crossing, where many axons projected posteriorly after crossing (Fig. 3DЉ , arrows) compared with EGFP-or PKC-WT-expressing control axons (Fig. 3 D, DЈ, arrowheads) . In our analyses, we observed that compared with EGFP controls, similar numbers of axons expressing PKC-KD and wild-type constructs reached the midline, suggesting that PKC kinase activity is necessary for A-P guidance by Wnt attraction after midline crossing but not the precrossing pathfinding (Fig. 3F ) . It is also possible that the level of expression achieved by these constructs was not sufficient for precrossing pathfinding (Fig. 3F ) . Together, these data suggest that PKC functions at least in part cell autonomously in commissural growth cones and is required for A-P guidance, a process that requires Wnt-Frizzled signaling.
PI3Ks are required for A-P guidance of commissural axons and may act as an on switch of responsiveness during midline crossing To address how PKC may be involved in mediating Wnt attraction, we searched for potential upstream regulators or down- Precrossing staining is present (E, E؆, arrows), whereas postcrossing segments are negative (E, arrowhead). Inset, Differential interference contrast image indicates presence of axons (black arrow). F, G, Diagrams indicating axon trajectories in transverse (F ) and postcrossing (G) sections. The precrossing segment is labeled blue, the crossing segment is labeled red, and the postcrossing segment is labeled green. mE11.5, Mouse E11.5; rE13, rat E13.
stream effectors of atypical PKCs in growth cone guidance. Because Frizzleds are putative GPCRs, we tested whether PTX (800 ng/ml), a G␣ i/ inhibitor (Ui et al., 1984) , can disrupt A-P guidance of commissural axons. We found that addition of PTX resulted in A-P randomization (50%) (Fig. 4 A, B) . Previous research has shown that PKC can be activated by PI3K signaling (Rickert et al., 2000; Cantley, 2002; Brock et al., 2003) . To test whether PI3K is required for Wnt-mediated A-P guidance of commissural axons, we used the open-book assay and found that the general PI3K inhibitor wortmannin (1 M) (Wymann et al., 1996) produces A-P randomization (85.5%) (Fig. 4 A, B) . These results suggest that heterotrimeric G-proteins and PI3K signaling are required for A-P guidance and may play a role in mediating Wnt attraction.
The PI3K family consists of multiple members (Andrews et al., 2007; Hirsch et al., 2007) . Each PI3 kinase has a catalytic domain of 110 kDa, named p110. In addition, a regulatory domain, either p85 or p101, associates with the catalytic domain. P110␣, ␤, and ␦ are known to mediate receptor tyrosine kinase (RTK) signaling in association with p85, whereas p110␥ has been shown to mediate G-protein-coupled receptor signaling in association with p101. In addition to Frizzleds, other Wnt receptors have been identified, including receptor tyrosine kinase Ror2 (Oishi et al., 2003; Mikels and Nusse, 2006; Nishita et al., 2006) . Therefore, all p110s may potentially mediate Wnt responses in axon guidance. We found using reverse transcription (RT)-PCR ( Fig. 4C ) and immunohistochemistry (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) that indeed all p110 isoforms are expressed in the embryonic spinal cord and commissural neurons at this stage. Therefore, individual loss of function of p110s may not show any defects as a result of potential redundancy. However, because all PI3Ks catalyze the same reaction, turning PIP2 into PIP3, we hypothesize that a dominant-negative p110 may sufficiently block PI3K signaling. To determine whether PI3K signaling functions cell autonomously for proper A-P guidance of commissural axons, we electroporated a kinase-defective mouse p110␥ containing a lysineto-arginine substitution in the ATP binding domain (p110-KD) (Fig. 4 D) (Stoyanova et al., 1997; Bondeva et al., 1998) . This p110␥ mutant protein has been shown to exhibit 0.1% of the activity of wild-type PI3K␥ (Wymann et al., 1996) . When we introduced this construct (including an IRES-GFP module to label axons that express the dominant-negative construct) into commissural axons, we observed severe guidance errors after midline crossing compared with EGFP electroporated explants (Fig. 4 E, F ) . Only 60% of axons projected correctly, compared with 96% in EGFP electroporated explants ( p Ͻ 0.005) (Fig. 4G) . Most axons showed clear signs of wandering in all directions, and even the few axons that turned anteriorly did not turn sharply as in normal axons (Fig. 4 F, arrows) . As with the PKC mutant constructs, axons expressing either p110␥-EGFP (translational fusion) or p110␥-KD-IRES-EGFP both reached the midline in numbers comparable with those of EGFP-expressing axons, indicating that expression of this construct did not disrupt precrossing pathfinding (data not shown).
To our surprise, when we overexpressed p110␥-WT fused to EGFP in commissural axons in an open-book preparation (Fig.  4 J, K ) , we found that many commissural axons, which usually only turn anteriorly after midline crossing (Fig. 4 I, arrows) , now turned anteriorly before midline crossing (Fig. 4 J, arrowheads) , suggesting that the overexpression of p110␥ changed the responsiveness of commissural axon growth cones at the midline. Approximately 50% of the axons expressing p110␥-WT (Fig. 4 J, K ) turned anteriorly before midline crossing, compared with 10% of axons expressing GFP in the open-book culture (Fig. 4 I, K ) . We also noticed that the pathfinding of commissural axons of both the precrossing and postcrossing longitudinal tracts expressing p110␥-WT remained correct (data not shown). In our electropo- ration experiments, we sometimes observed axons that did not turn at all, but projected toward the dorsal margin of the contralateral spinal cord. These projections have been described previously (Kadison and Kaprielian, 2004) , and we did not observe any obvious differences in the frequency or behavior of these axons between our control and experimental conditions. P110␥ overexpression caused dissociated precrossing commissural axons to respond to Wnt4 attraction It has been shown previously that the catalytic domain of PI3K alone can act as a constitutively active form (Lopez-Ilasaca et al., 1997; Kang et al., 2006) . Several guidance cues regulate the pathfinding behavior at the midline. The precocious anterior turning of commissural axons before crossing may be caused by switching on responsiveness to Wnt attraction or to midline repellents, such as Slits and Sema3B (Zou et al., 2000; Long et al., 2004) . To address whether PI3K can sensitize Wnt attraction, we performed dissociated commissural neuronal cultures from dorsal spinal cords electroporated with the p110␥-WT overexpression construct (Fig. 5A ). These commissural neuron progenitors have not grown axons, and their axons have not encountered the midline. They were cocultured with COS cells transfected with Netrin-1 or Wnt4, which were detected by immunostaining with an anti-myc antibody because both Netrin-1 and Wnt4 are myc tagged (Fig.  5B, red) . We found that commissural neurons expressing only the EGFP marker were attracted to COS cells expressing Netrin-1 but not to those expressing Wnt4. Overexpression of p110␥-EGFP fusion protein caused these axons to respond to Wnt4 attraction (Fig. 5 B, C) . As shown in Figure 5 , B and C, 69.0% of precrossing commissural neurons grew directionally, and 31.0% grew nondirectionally toward Netrin-1-expressing COS cells, whereas the percentage of directional and nondirectional growth toward Wnt4 remained essentially the same (49.8% and 50.2%, respectively), indicating that precrossing axons are not yet sensitized to Wnt4. Similar values were obtained with pCDNAtransfected COS cell controls (51.0% directional and 49.0% nondirectional growth for EGFP axons, 52.3% directional and 47.7% nondirectional growth for p110␥-EGFP-expressing axons). However, overexpression of p110␥-EGFP fusion caused these axons to respond to Wnt4 (Fig. 5B) . Of the axons overexpressing p110␥-EGFP, 67.6% grew directionally and 32.4% nondirectionally toward Wnt4-expressing COS cells, which is similar to the responsiveness of precrossing commissural axons marked by EGFP to COS cells expressing Netrin-1. Therefore, the precocious anterior turning of commissural axons in the open-book assay (Fig. 4 J, K ) is in part attributable to the activation of Wnt attraction.
Discussion
Wnt signaling and anterior-posterior axon guidance at the CNS midline Wnt signaling is a highly conserved mechanism for axon guidance along the anterior-posterior axis. Studies in vertebrates have suggested that multiple classes of axons project along the anterior-posterior axis (Lyuksyutova et al., 2003; Liu et al., 2005) . Mutations in the Wnt and Frizzled genes also cause anterior-posterior guidance defects in Caenorhabditis elegans Pan et al., 2006; Prasad and Clark, 2006) . In vertebrate spinal cord, a rostral-to-caudal decreasing gradient of several Wnt genes, particularly Wnt4 and Wnt7b, was observed in the midline glial cells and the floor plate cells. The commissural axons originate from the dorsal spinal cord, are initially attracted to the floor plate, and grow toward the ventral midline, which secretes chemoattractants, Netrin-1 and Sonic Hedgehog. After Neurons with only one axon shaft of at least 50 m and their somata at a distance of Ͻ200 m from a COS-7 cell expressing guidance molecules were scored. Directional growth was scored by the direction of growth cone navigation relative to the COS-7 cells expressing guidance molecules. Directional growth refers to a neuron whose axon either invaded or grew on a linear path toward the COS-7 cell secreting the guidance molecules, or to an axon that turned approximately within 30°toward a COS-7 expressing the cues; nondirectional refers to an axon that turned from the initial trajectory at an angle Ͼ45°away from the COS-7 cell secreting the guidance molecules or an axon that grew parallel to and then past a COS-7 cell for a distance of Ͼ50 m. RP, Roof plate. B, Left, Commissural axons expressing EGFP grow directionally toward Netrin-1-expressing COS-7 cells. Middle, EGFP-expressing axons growing nondirectionally, indicating that precrossing axons are not yet sensitized to Wnt4-expressing COS-7 cells. However, after P110␥-EGFP overexpression, commissural axons respond to the Wnt4-expressing cells and grow directionally toward them. C, Quantification of the coculture assay. P110␥-EGFP expression results in directional growth to Wnt4. *p Ͻ 0.02. Scale bar, 50 m. midline crossing, they lose attraction to the floor plate and gain responsiveness to chemorepellents, the Slits and Semaphorins, which turn their direction of growth from dorsal-ventral to the anterior-posterior axis. The anterior turning of these commissural axons depends on Wnt-Frizzled signaling (Lyuksyutova et al., 2003) . The midline is a major organizer of the pathfinding of the commissural axons, directing the growth along both the dorsal-ventral and anterior-posterior axes. This study explores the signaling mechanisms mediating the anterior-posterior guidance function of the Wnt family guidance molecules.
Atypical PKC mediates Wnt signaling in axon guidance
Wnt proteins have recently been implicated in axon guidance in a number of species, yet the intracellular mechanisms that mediate Wnt signaling in axon guidance have not been unveiled. Here we report that atypical PKC signaling is necessary for the anteriorposterior guidance and Wnt-mediated attraction of spinal cord commissural axons.
Atypical PKC is an essential component in a signaling complex involved establishing cell polarity in both invertebrates and vertebrates, from partitioning cytoplasmic determinants in early C. elegans embryos to apical-basal (A/B) cell polarization in Drosophila and vertebrate epithelia (Karner et al., 2006) . This highly conserved polarity signaling complex, including founding members called Par proteins and several other proteins, such as lethal giant larvae (Lgl), the Crb (crumbs) complex, and the Scrb (scribble) complex, has been recently implicated in neuronal polarity development, determining axon-dendrite differentiation (Joberty et al., 2000; Lin, 2000; Etienne-Manneville and Hall, 2003b; Henrique and Schweisguth, 2003; Shi et al., 2003; Nishimura, 2004) . Studies suggest complex interactions between Wnt signaling and the A/B polarity signaling pathways (Karner et al., 2006) . On one hand, A/B polarity signaling influences Wnt signaling. Par1 potentiates canonical Wnt signaling and inhibits noncanonical signaling (Sun et al., 2001; Ossipova et al., 2005) . LKB1 (Par4) inhibits GSK-3␤ and promotes canonical signaling via the function of Par6/aPKC complex, which is downstream of Cdc42 (Etienne-Manneville and Hall, 2003a; Ossipova et al., 2003) . LKB1 can also inhibit canonical Wnt signaling by phosphorylated Par1 and inactivates its function (Spicer et al., 2003; Lizcano et al., 2004) . On the other hand, Wnt signaling can directly affect A/B polarity. Dishevelled and Frizzled directly regulate the localization of Lgl (Dollar et al., 2005) . Some of the components of A/B polarity signaling pathway are transcriptional targets of canonical Wnt signaling (Tao et al., 2001; Malliri et al., 2006) . Therefore, Wnt signaling can act upstream of the A/B polarity signaling as well. Our work provides further support for that notion. We show here that aPKC signaling (not Wnt canonical signaling) is required for Wnt-mediated attraction. This is consistent with the finding that the downstream components of the PAR3/PAR6/aPKC pathway, such as GSK-3␤, are also important regulators of axon growth (Zhou et al., 2004) . Moreover, during the course of our work, Zhang et al. (2007) showed that Wnts regulate the level of PKC via its interaction with Dishevelled during the establishment of neuronal polarity in cultured hippocampal neurons. Together with our work in anterior turning of commissural axons, we propose that a similar molecular signaling network that controls cell polarity is used here during growth cone guidance. Further studies will delineate the function of the various A/B polarity complex components in growth cone guidance.
Phosphoinositides and Wnt signaling
Phosphoinositides are an important upstream regulator of PKC signaling. PI3Ks can be activated by both receptor tyrosine kinases and G-protein-coupled receptors (Soltoff et al., 1992; Sasaki et al., 2000) . A more recently identified Wnt receptor, Ror2, is an RTK (Oishi et al., 2003; Mikels and Nusse, 2006; Nishita et al., 2006) , and Frizzleds have also been shown to be GPCRs (Malbon, 2004) . In addition, transactivation of RTK by GPCRs can occur as well (Lee et al., 2002) . Our results with pertussis toxin suggest that heterotrimeric G-proteins (probably G␣ i/ ) are required for A-P axon guidance. Therefore, we propose that multiple members of the PI3Ks are likely involved in mediating Wnt signaling to activate PKC (Fig. 6) . Indeed, all members of the p110 family (the catalytic domains of the PI3Ks) are present in commissural neurons (data not shown). We analyzed the p110␥ knock-out mice and found that anterior-posterior guidance of commissural axons is not affected (data not shown). This is likely attributable to the high levels of redundancy of p110 family function. However, a dominant-negative form of p110␥ (kinase-dead), which should presumably block all PI3 kinase signaling (producing PIP3 from PIP2), caused major guidance defects after midline crossing, highlighting the function of PI3Ks during A-P pathfinding. Because pertussis toxin produced an A-P guidance defect, we think that the PI3Ks that are dependent on RTKs also rely on heterotrimeric G-proteins, requiring the GPCR function of Frizzleds either in a complex or through transactivation (Lee et al., 2002) . Future work will be necessary to sort out the exact mechanisms of action. Our work suggests a novel link between Wnt signaling and PI3K signaling. The PI3K/ PKC signaling module is also involved in mediating other signaling pathways, possibly other guidance systems. This study shows its requirement in Wnt signaling, and future studies will explore the possibility of signaling convergence of Wnts and other guidance or modulating factors through this signaling module.
PI3K signaling as a switch of growth cone responsiveness at the midline A fundamental mechanism of complex neuronal network wiring is the usage of intermediate targets or guideposts. Highly complex axonal networks can be created by switching the growth cone's responsiveness to cues present at or around the intermediate targets. The midline has served as a wonderful model system to study changes in responsiveness at intermediate targets. Several models, which are not mutually exclusive, have been proposed, including hierarchical ordering among guidance systems (Stein and Tessier-Lavigne, 2001 ), local translational control (Brittis et al., 2002) , and receptor sorting (Keleman et al., 2002) . We show that overexpression of a catalytic subunit, p110␥, switched on the attractive responsiveness to Wnt4, and commissural axons turned anteriorly before midline crossing. PI3Ks are known to be able to regulate the sensitivity of growth cone signaling functions, such as Semaphorins (Eickholt et al., 2007) . We show here that they also regulate Wnt responsiveness at the midline of the spinal cord.
Growth cone turning requires coordinated intracellular events involving changes in actin dynamics, microtubule cytoskeleton organization, and membrane trafficking. These processes are highly choreographed in pathfinding growth cones. It is likely that multiple signaling pathways are required to regulate these different aspects of subcellular changes to allow growth cones to make directional turns. Identification of this PI3K␥-PKC pathway does not exclude other pathways, such as the PCP pathway, for orchestrating different aspects of this cellular process (Logan and Nusse, 2004; Zou, 2004) . For example, downstream effectors of PKC appear to directly or indirectly regulate microtubules. PCP signaling can potentially influence both actin cytoskeleton (via RhoA) and microtubules (via JNK) in axon guidance. A coherent picture of the process of growth cone guidance will emerge when the roles of each of these signaling pathways are understood within the cellular context of navigating growth cones.
